An intimate discourse between the blastocyst and uterus is essential for successful implantation. However, the molecular basis of this interaction is not clearly understood. Exploiting genomic Hbegf mutant mice, we show here that maternal deficiency of heparin-binding EGF-like growth factor (HB-EGF) defers on-time implantation, leading to compromised pregnancy outcome. We also demonstrate that amphiregulin, but not epiregulin, partially compensates for the loss of HB-EGF during implantation. In search of the mechanism of this compensation, we found that reduced preimplantation estrogen secretion from ovarian HB-EGF deficiency is a cause of sustained expression of uterine amphiregulin before the initiation of implantation. To explore the significance specifically of uterine HB-EGF in implantation, we examined this event in mice with conditional deletion of uterine HB-EGF and found that this specific loss of HB-EGF in the uterus still defers on-time implantation without altering preimplantation ovarian estrogen secretion. The observation of normal induction of uterine amphiregulin surrounding the blastocyst at the time of attachment in these conditional mutant mice suggests a compensatory role of amphiregulin for uterine loss of HB-EGF, preventing complete failure of pregnancy. Our study provides genetic evidence that HB-EGF is critical for normal implantation. This finding has high clinical relevance, because HB-EGF signaling is known to be important for human implantation.
T
he initiation of implantation is the result of coordinated integration of various signaling pathways between the blastocyst and the uterus. Early studies have provided valuable clues to this process involving a range of endocrine, paracrine, autocrine, and juxtacrine modulators (1) . In this regard, signaling initiated by the EGF family of ligands, including EGF itself, transforming growth factor ␣ (TGF␣), heparin-binding EGF (HB-EGF), amphiregulin, epiregulin, and betacellulin, has been studied extensively before and during implantation in mice (2) (3) (4) (5) . However, thus far, no implantation defects have been reported in mice deficient in amphiregulin, epiregulin, or even with compound deficiency of EGF/TGF␣/ amphiregulin (6) (7) (8) , challenging the essentiality of amphiregulin, epiregulin, EGF, or TGF␣ in implantation.
Increasing evidence suggests that HB-EGF participates in a wide range of physiological and pathological processes, including heart development (9, 10), wound healing (11) , atherosclerosis and pulmonary hypertension (12, 13) , and tumor development and angiogenesis (14, 15) . HB-EGF has also been highlighted as an early molecular marker of embryo-uterine cross-talk during implantation (5) . It is expressed as both transmembrane and soluble forms in the uterine luminal epithelium at the site of the blastocyst before the attachment reaction, influencing blastocyst activities in a paracrine and/or juxtacrine manner by interacting with ErbB1 and ErbB4 that are displayed on the blastocyst cell surface (16) (17) (18) . More interestingly, our recent study shows that HB-EGF produced by implantation-competent blastocysts and secreted by ectodomain shedding of proHB-EGF induces its own gene expression in the receptive uterus via an autoinduction loop (19) . Although these findings suggest that HB-EGF is a key signaling molecule involved in setting up a hierarchy of events between the blastocyst and uterus for implantation, genetic evidence for a definitive role of HB-EGF in this process remains elusive. In the present investigation, we have combined genetic, pharmacological, and physiological approaches to address whether HB-EGF is critical for normal implantation.
Results and Discussion

Genetic Ablation of Hbegf Compromises Term Pregnancy with Reduced Litter Size in Mice.
To assess the physiological relevance of HB-EGF signaling in early pregnancy events, we first examined pregnancy outcome in Hbegf Ϫ/Ϫ females crossed with fertile Hbegf Ϫ/Ϫ males. As illustrated in Fig. 1A , mice missing HB-EGF show compromised term pregnancy with significantly reduced litter size compared with WT littermates, suggesting that HB-EGF signaling is crucial for normal pregnancy. Because a range of physiological functions is ascribed to HB-EGF owing to its cellspecific expression in ovaries (20) , early embryos and uteri during early pregnancy (5, 16, 19, 21) , it is possible that one or all of these targets are affected, contributing to reduced litter sizes in Hbegf Ϫ/Ϫ mice. Therefore, to explore underlying causes of subfertility in Hbegf Ϫ/Ϫ females, we examined early pregnancy events. 
Normal ovulation and fertilization was observed in Hbegf
Ϫ/Ϫ females mated with null males when examined on day 2 of pregnancy. As shown in Fig. 1B , all Hbegf Ϫ/Ϫ mice (n ϭ 15) ovulated with comparable numbers of ova as WT females (n ϭ 10). The yield of two-cell embryos among ovulated eggs was used to assess the fertilization rate. A comparable number of two-cell embryos was recovered in 12 of 15 mutant females and 8 of 10 WT females (Fig.  1C) . These results show that Hbegf Ϫ/Ϫ females have normal ovulation and fertilization, consistent with previous findings that HB-EGF, instead of being induced like amphiregulin and epiregulin, is down-regulated in preovulatory mural granulosa cells in response to the preovulatory gonadotropin surge (20, 22) . In fact, genetic evidence points toward essential roles of amphiregulin and epiregulin in oocyte maturation and cumulus expansion (23) . This ligand diversity for ErbB signaling during ovulation ensures normal progression of oocyte meiotic maturation and subsequent fertilization. We next analyzed periimplantation events after fertilization to search for potential causes of reduced fertility in Hbegf Ϫ/Ϫ mice.
Normal ''Window'' of Implantation Is Altered in Hbegf ؊/؊ Mice. Under normal conditions, embryo implantation occurs within a limited time span termed the window of implantation, which absolutely requires timely synchronization of the blastocyst achieving implantation competency and the uterus reaching the receptive state (1). In mice, fertilized eggs develop into morulae after several rounds of cleavage, travel through the oviduct into the uterus, and differentiate into blastocysts during the early morning of day 4, then escape from their zona pellucidae to ultimately implant into the receptive uterus around midnight of day 4 (5). We have previously shown that mouse oviduct epithelial cells express HB-EGF during the preimplantation period (24) , and HB-EGF also enhances embryo development and differentiation in culture and improves implantation success in vivo (25, 26) . To explore whether HB-EGF deficiency impairs early embryo development, we examined morula-blastocyst transformation in both WT and mutant females. We found that Hbegf Ϫ/Ϫ embryos form blastocysts normally in vivo when examined on day 4 morning (Fig. 1D) . These results indicate that HB-EGF signaling is not essential for normal preimplantation embryo growth in vivo. Because HB-EGF signaling through ErbB receptors is thought to mediate reciprocal embryo-uterine interactions before the initiation of the attachment reaction (5, 19, 27) , we were particularly interested to examine implantation in Hbegf Ϫ/Ϫ mice. As shown in Fig. 1 E and F , although seven of eight WT mice showed distinct implantation sites at 2000 h on day 4 as examined by the blue dye method, none of the Hbegf Ϫ/Ϫ mice showed any signs of implantation. Moreover, at 2400 h of day 4, when all WT mice (n ϭ 12) showed blue bands, only 5 of 11 null females had implantation. Unimplanted blastocysts with normal morphology were frequently recovered from mutant females (Fig. 1G) , reinforcing our previous observation of normal preimplantation development. The results clearly show deferral of on-time implantation from the loss of HB-EGF, providing genetic evidence that HB-EGF signaling is indispensable for normal implantation. However, the necessity of maternal vs. embryonic HB-EGF in this process needs to be addressed.
Maternal HB-EGF Is Crucial for Implantation. To obtain genetic evidence for the relative contribution of maternal vs. embryonic HB-EGF in implantation, we performed reciprocal embryotransfer experiments. Day 4 WT or Hbegf Ϫ/Ϫ blastocysts were transferred into WT or null recipients on day 4 of pseudopregnancy, and implantation rates were examined 24 h later by the blue dye method. As shown in Table 1 , eight of nine WT recipients receiving WT blastocysts showed normal implantation (46%). By contrast, WT blastocysts transferred into Hbegf Ϫ/Ϫ recipients showed considerably reduced number of implantation sites; only 12% of the transferred blastocysts showed implantation in only two of eight mutant recipients. However, impaired implantation was not observed when Hbegf Ϫ/Ϫ blastocysts were transferred into WT uteri; Ϸ43% of null blastocysts transferred implanted in seven of eight WT recipients. Collectively, the results show that maternal HB-EGF is the primary contributor to the on-time initiation of blastocyst implantation.
Amphiregulin Partially Compensates for the Loss of HB-EGF During
Implantation. Our present findings that the implantation process is not completely abolished with the loss of HB-EGF suggest that there are other signaling molecules replacing HB-EGF's function in implantation. Because the EGF family of ligands and ErbBs show overlapping uterine expression around the time of implantation (2, 4, 5) , and because this ligand-receptor signaling network manifests great redundancy at multiple levels, such as diverse ligand selec- Day 4 WT (ϩ/ϩ) or Hbegf null (Ϫ/Ϫ) blastocysts were transferred into WT or mutant pseudopregnant recipients on day 4 midmorning, and implantation was examined 24 h later by the blue dye method. tivity and dimeric ErbB receptor complexes (28), we surmised that one or more of the family members acting via appropriate ErbBs partially compensate for the loss of HB-EGF during implantation.
To test this hypothesis, we first examined expression patterns of ErbB receptors in blastocysts and uteri in WT and Hbegf Ϫ/Ϫ mice. In agreement with earlier studies (16) (17) (18) , immunofluorescence revealed comparable expression patterns for ErbB receptors in both WT and Hbegf Ϫ/Ϫ day 4 blastocysts with ErbB1 and ErbB4 primarily being localized in the trophectoderm [supporting information (SI) Fig. 6A ]. In addition, in situ hybridization showed unaltered cell-specific expression of these receptors in day 4 receptive uteri in the absence of HB-EGF (SI Fig. 6B ). These results suggest that the machinery for the ErbB signaling network is functional in the periimplantation uterus and blastocyst in the absence of HB-EGF. In light of this finding, we next examined whether there is functional redundancy of the EGF family of ligands in Hbegf Ϫ/Ϫ mice during implantation. We specifically analyzed the expression of Areg and Ereg, which encode amphiregulin and epiregulin, respectively, by in situ hybridization, because amphiregulin shares the similar heparin-binding feature as HB-EGF (29) , and epiregulin has the same ErbB receptor binding selectivity as HB-EGF (30) . In addition, they show overlapping expression pattern with HB-EGF in the periimplantation uterus (2, 4, 5) . As shown in Fig. 2 , we observed a unique compensatory expression of Areg, but not Ereg, in uteri of mice missing HB-EGF. In WT mice, Hbegf expression is first detected in the luminal epithelium surrounding the blastocyst on day 4 of pregnancy at 1800 h, before the initiation of attachment (Fig. 2 A) , but not at 0800 h (data not shown). In contrast, Areg expression is primarily present in glandular and luminal epithelia on day 4 morning (data not shown), but is largely down-regulated at 1800 h on day 4 regardless of the presence of blastocysts (Fig. 2B) . With the onset of the attachment reaction (2400 h), Areg is induced solely in the luminal epithelium surrounding the blastocyst (Fig. 2B ). This biphasic expression pattern of Areg suggests its dual role, first in regulating uterine receptivity and later in mediating the embryouterine interaction for attachment. However, this biphasic expression profile of Areg is altered in Hbegf null uteri, showing a sustained high level of expression in the luminal and glandular epithelia from day 4 morning through midnight (Fig. 2B) . Conversely, Ereg, which was first detected in the luminal epithelium and underlying stroma at the blastocyst attachment site on day 4 midnight in WT mice, was barely detected even at 2400 h of day 4 in Hbegf Ϫ/Ϫ mice (Fig. 2C) . This interesting finding suggests that sustained epithelial expression of Areg partially replaces the function of HB-EGF in initiating implantation in Hbegf Ϫ/Ϫ females.
To test the effectiveness of amphiregulin in promoting implantation, we performed bead transfer experiments by introducing beads preabsorbed with purified HB-EGF, amphiregulin or epiregulin into receptive uteri on day 4 of pseudopregnancy. Under these conditions, blastocyst-size beads presoaked with the carrier protein BSA fail to induce implantation-like reactions and decidualization (27, 31) . We observed that beads loaded with HB-EGF or amphiregulin, but not epiregulin, induced discrete local responses similar to those elicited by living blastocysts in WT and Hbegf Ϫ/Ϫ recipients (SI Fig. 7 A and B) . These results support our contention that amphiregulin has the potential to replace HB-EGF's function in initiating the attachment reaction. However, the underlying mechanism allowing compensatory expression of Areg with the loss of HB-EGF still remained unknown.
Attenuated Preimplantation Ovarian Estrogen Secretion in Hbegf ؊/؊
Mice Contributes to Sustained Uterine Areg Expression. In mice, ovarian P 4 and estrogen are the principal hormones that coordinate blastocyst activation and uterine receptivity for normal implantation (1). Because P 4 and estrogen exert stimulatory and repressive roles, respectively, in regulating uterine Areg expression (4), we speculated that its compensatory up-regulation in Hbegf Ϫ/Ϫ uteri could be due to altered preimplantation secretion of ovarian P 4 and/or estrogen. In fact, we observed significantly reduced serum levels of both P 4 and 17␤-estradiol (E 2 ) when examined on day 4 morning (0800 h) in Hbegf null females compared with wild-type littermates ( Fig. 3 A and B) . However, the question remained as to how HB-EGF regulates ovarian steroidogenesis during the periimplantation period. To address this, we first examined the expression status of HB-EGF and ErbB receptors in the ovary during early pregnancy.
Immunohistochemistry analysis revealed HB-EGF expression in growing follicles, newly formed corpora lutea and interstitial tissues on days 1 and 4 of pregnancy (SI Fig. 8A ). With respect to ErbBs, whereas ErbB1 is primarily localized in corpora lutea, strong signals for ErbB2, ErbB3 and ErbB4 are detected in the developing follicles with lower levels in corpora lutea and interstitial tissues (SI Fig. 8A ). These observations suggest that HB-EGF is a potential player in regulating ovarian steroidogenesis during early pregnancy. To search for the cause of reduced P 4 and E 2 secretion in the absence of HB-EGF, we examined the expression of key steroid biosynthetic enzymes, such as cytochrome P450 cholesterol side-chain cleavage enzyme (P450scc), 3␤-hydroxysteroid dehydrogenase (3␤-HSD), and cytochrome P450 aromatase (P450Arom), in day 4 ovaries. As shown in SI Fig. 8 B and C, we noted substantially reduced expression of P450scc (the rate-limiting enzyme of P 4 and E 2 biosynthesis) in corpora lutea and interstitial tissues lacking HB-EGF, whereas expression of 3␤-HSD and P450Arom was comparable between WT and null ovaries. Decreased ovarian P450scc expression correlates well with our finding of overall decreased serum P 4 and E 2 levels in null mice (Fig. 3 A and B) . However, reduced P 4 levels cannot explain the phenotype of sustained uterine Areg expression before and during implantation in the absence of HB-EGF.
One could argue that P 4 even at reduced levels is sufficient to maintain normal P 4 -responsive gene expression in the uterus. Indeed, expression of Indian hedgehog (Ihh) and Hoxa-10, known P 4 -target genes (32, 33) , was comparable in WT and Hbegf Ϫ/Ϫ day 4 uterine epithelial and stromal cells, respectively (SI Fig. 9 ), supporting the view that reduced preimplantation P 4 secretion from the loss of HB-EGF doest not disrupt P 4 's role in uterine receptivity. Because estrogen is also critical for uterine receptivity, we examined the effect of reduced preimplantation E 2 secretion on uterine expression of leukemia inhibitory factor (LIF), an E 2 -target gene (34) , and found that Lif was expressed in uterine glands in both WT and Hbegf Ϫ/Ϫ females on day 4 morning (SI Fig. 9 ). These results suggest that reduced preimplantation P 4 and E 2 secretion from the loss of HB-EGF is still capable of governing events central to uterine receptivity.
To distinguish the roles of P 4 and E 2 in regulating uterine Areg expression, we used selective antagonists to progesterone receptor and estrogen receptor, RU486 and ICI-182780, respectively. In contrast to normal uterine Areg expression in WT females on day 4 morning (control; 0800 h), its expression greatly diminished in uteri of mice treated with RU486 on day 3 midnight (2400 h) (Fig.  3C ). This result supports our earlier observation that P 4 is the primary inducer of Areg in receptive uteri (4) . More interestingly, we observed sustained Areg expression through day 4 afternoon (1800 h) in WT mice receiving ICI-182780 treatment (Fig. 3C vs.   Fig. 2B ). This induction of Areg by ICI-182780 is similar to its compensatory expression in Hbegf Ϫ/Ϫ uteri. These findings provide direct evidence that although rising P 4 levels induce uterine Areg expression on the morning of day 4, preimplantation ovarian E 2 secretion down-regulates uterine Areg expression several hours before the attachment reaction.
To further explore roles of ovarian steroids in regulating Areg expression in the periimplantation uterus, we examined the influence of P 4 or E 2 treatment on Areg expression in Hbegf Ϫ/Ϫ uteri. As illustrated in Fig. 3D , the expression of Areg in null uteri on day 4 afternoon (1800 h) was substantially enhanced when mutant females were treated with P 4 (2 mg per mouse) on day 4 morning (0800 h). In contrast, the compensatory expression of Areg in mutant uteri at 1800 h on day 4 was neutralized in Hbegf Ϫ/Ϫ mice receiving an injection of E 2 (3 ng per mouse) on day 4 morning. This observation provides additional evidence that the sustained uterine expression of Areg in Hbegf Ϫ/Ϫ females is due to reduced preimplantation ovarian E 2 secretion. Moreover, we observed that Areg expression reappears in luminal epithelial cells at the site of blastocyst apposition on day 4 midnight (2400 h) in Hbegf Ϫ/Ϫ mice receiving an E 2 (3 ng per mouse) injection (Fig. 3D) . It is possible that this late phase of Areg expression is induced by implantationcompetent blastocysts and contributes to overriding HB-EGF deficiency in initiating attachment reaction.
Amphiregulin Compensates for the Loss of HB-EGF in Delayed Im-
planting Mice. We used the delayed implantation model with defined doses of P 4 and E 2 to further explore amphiregulin's compensatory role in implantation in the absence of HB-EGF. As expected, implantation occurred in delayed implanting WT and (400 g/mouse at 2400 h on day 3) abolishes Areg expression in WT uteri, whereas ICI-182780 (ICI) (125 g per mouse at 2400 h on day 3) retains Areg expression at 0800 h and 1800 h on day 4 (ϫ40). (D) Whereas P 4 (2 mg per mouse at 0800 h on day 4) enhances Areg expression, E 2 (3 ng per mouse at 0800 h on day 4) largely neutralizes the retained Areg expression in Hbegf Ϫ/Ϫ uteri at 1800 h on day 4 (ϫ100). However, Areg is normally reinduced in luminal epithelial cells at the site of blastocyst apposition on day 4 midnight (2400 h) in null females treated with E 2 (3 ng per mouse at 0800 h on day 4). Le, luminal epithelium; ge, glandular epithelium; s, stroma; Myo, myometrium.
Hbegf
Ϫ/Ϫ females when examined 24 h after an E 2 administration (25 ng per mouse) (Fig. 4 A and B) . In situ hybridization analysis revealed that although Areg was primarily expressed in the glandular epithelium with lower levels in the luminal epithelium in P 4 -primed delayed uteri of both WT and Hbegf Ϫ/Ϫ mice, its expression was promptly induced in the luminal epithelium surrounding the blastocyst in WT and null uteri as early as 6 h after E 2 injection (Fig.  4C ), which is 6-8 h before the initiation of implantation in delayed implanting mice by 25 ng of E 2 . These results support our view that the late phase of Areg expression coincident with blastocyst activation compensates for the loss of HB-EGF during implantation.
Because Hbegf and Areg expression in delayed implanting uteri depends on the status of blastocyst activation (Fig. 4C and ref. 5) , we surmised that uterine loss of HB-EGF would alter the minimum level of estrogen required for the initiation of the attachment reaction in delayed implanting mice. To address this, we did blastocyst transfer experiments. Day 4 WT blastocysts were transferred into P 4 -primed delayed WT or Hbegf Ϫ/Ϫ recipients on day 7 of pseudopregnancy. Immediately after transfer, recipients received an E 2 injection (3 or 25 ng per mouse, sc) and implantation rates were examined 24 h later by the blue dye method. As shown in Fig.  4 D and E, 60% of the transferred blastocysts implanted in all WT recipients (n ϭ 5) receiving 3 ng of E 2 . By contrast, only 26% of the transferred blastocysts implanted in 7 of 12 Hbegf Ϫ/Ϫ recipients injected with 3 ng of E 2 . HB-EGF-deficient recipients receiving even 25 ng of E 2 had reduced implantation rate. For example, whereas 68% of the transferred blastocysts implanted in WT recipients (n ϭ 5), only 44% of the transferred blastocysts showed implantation in Hbegf Ϫ/Ϫ recipients (n ϭ 5). Collectively, the results show that uterine HB-EGF deficiency contributes to impaired implantation in Hbegf Ϫ/Ϫ mice.
Conditional Deletion of Uterine HB-EGF Confers Implantation Defects.
During the course of this investigation, we consistently observed that a large number of Hbegf Ϫ/Ϫ mice failed to survive to adulthood, perhaps because of severe heart failure as previously reported (9) . This raised the concern that implantation defects we observed in Hbegf mutant females could be due to their poor health condition.
To address this question, we established a PR-Cre ϩ/Ϫ /Hbegf lox/lox mouse line by intercrossing Hbegf lox/lox females with hemizygous progesterone receptor Cre (PR-Cre) knockin males (35) to achieve conditional deletion of the Hbegf gene in the PR-expressing tissues, such as the uterus and ovary. The deletion of HB-EGF cDNA leads to the expression of the lacZ gene inserted downstream of the HB-EGF cDNA as described (9) .
As shown in Fig. 5A , although LacZ-stained blue cells are visualized in both the lung and heart of genomic Hbegf Ϫ/Ϫ mice, this gene is not deleted in these tissues of PR-Cre ϩ/Ϫ / Hbegf lox/lox mice, as evident from the absence of LacZ-stained cells. Most importantly, PR-Cre-mediated deletion of the Hbegf gene was observed in the uterine epithelium at the attachment sites on day 5 morning, resembling that in systemic Hbegf Ϫ/Ϫ females (Fig. 5A) . RT-PCR analysis of Hbegf mRNA showed that this gene was almost totally deleted in the uterus, but not in the heart, of PR-Cre ϩ/Ϫ /Hbegf lox/lox mice (Fig. 5B ). In contrast, ovarian Hbegf mRNA levels were still abundant on days 1 and 4, indicating that the efficiency of Hbegf gene deletion is low in PR-Cre ϩ/Ϫ /Hbegf lox/lox ovaries (Fig. 5B) . This is perhaps due to transient expression of PR-Cre in corpora lutea as previously reported (35) and that HB-EGF is also expressed in follicles and interstitial tissues (SI Fig. 8 A) , which show little or no PR-Cre activity (35 Fig. 5 C and D) . These results led us to ask whether the implantation process is still impaired with conditional deletion of uterine HB-EGF. It was exciting to see that uterine-specific deletion of HB-EGF results in similar phenotypic defects of deferred on-time implantation with compromised litter size (Fig. 5 E  and F) . To further test the compensatory contribution of biphasic expression of Areg, we performed in situ hybridization analysis. Interestingly, although no sustained Areg expression was observed in uterine epithelia at 1800 h on day 4, Areg was induced solely in the luminal epithelium surrounding the blastocyst on day 4 midnight (2400 h) in both Hbegf lox/lox and PR-Cre ϩ/Ϫ /Hbegf lox/lox mice (Fig. 5G) . These results reinforce that the second phase of Areg expression surrounding the blastocyst contributes to override HB-EGF deficiency in initiating attachment reaction. These results provide genetic evidence that uterine-derived HB-EGF signaling is also essential for on-time implantation and normal pregnancy outcome.
Emerging evidence suggests that a short deferral of the attachment of blastocysts to the uterine lumen during early pregnancy adversely affects term pregnancy success (1). Our genetic, pharmacological, and physiological evidence show that deferral of on-time implantation from the loss of maternal HB-EGF leads to compromised pregnancy outcome, supporting our contention that implantation is the gateway to pregnancy success. Moreover, it is intriguing that HB-EGF function during implantation is selectively, but partially, replaced by amphiregulin, another heparin-binding growth factor of the EGF family (29), but not by epiregulin, which also utilizes ErbB receptors (30) . This ligand redundancy among specific EGF ligands may serve as a safeguard regulatory mechanism ensuring normal progression of early pregnancy under various pathophysiological conditions. In search of the underlying mechanism for the compensatory expression of Areg in Hbegf null uteri, we also show that ovarian HB-EGF deficiency attenuates preimplantation ovarian secretion of P 4 and estrogen by limiting the expression of P450scc in the ovary. Using pharmacological approaches and the delayed implantation mouse model, we further show that reduced ovarian E 2 secretion, but not P 4 , leads to sustained Areg expression in Hbegf null uteri during the periimplantation period. This is a remarkable finding that reduced ovarian E 2 secretion from systemic HB-EGF deficiency promotes compensatory expression of Areg to override uterine HB-EGF deficiency during implantation. In conclusion, this study provides genetic evidence that maternal HB-EGF is a critical signaling molecule for early pregnancy success in mice. These findings are clinically relevant to humans because there is evidence that HB-EGF signaling is also important for implantation in humans (21, 36, 37) .
Methods
Mice. HB-EGF-deficient mice on a C57BL/6J genetic background were generated as described (9) . Mouse HB-EGF cDNA containing the polyadenylation sequence flanked by loxP sequences was fused with the first exon of the mouse Hbegf gene. Cre-mediated recombination causes the deletion of Hbegf cDNA with the expression of the lacZ inserted downstream of Hbegf cDNA. Mice with systemic deletion of Hbegf were generated by breeding Hbegf lox/lox mice with CAG-Cre mice. To induce uterine-specific deletion of the Hbegf gene, Hbegf lox/lox mice were crossed with PR-Cre mice (35) . LacZ staining and RT-PCR analysis of Hbegf mRNA in day 1 uteri of Hbegf lox/lox and PR-Cre ϩ/Ϫ /Hbegf lox/lox mice revealed PR-Cre activity and deletion efficiency. All mice used in this investigation were housed in the Vanderbilt Animal Care Facility according to National Institutes of Health and institutional guidelines for laboratory animals. Female mice were mated with fertile or vasectomized male mice of the same genotype to induce pregnancy or pseudopregnancy, respectively (day 1 ϭ vaginal plug). Experimental procedures to analyze ovulation, fertilization, and implantation are provided in SI Methods.
P4 and E2 Assay. Mouse blood samples were collected on day 4 (0800 h). Serum P 4 and E 2 levels were measured by RIA.
In Situ Hybridization. Frozen sections were hybridized with 35 Slabeled cRNA probes to murine Hbegf, Areg, Ereg, ErbB1, ErbB2, ErbB3, ErbB4, Hoxa-10, Lif, or Ihh as described (5).
LacZ Staining. LacZ staining in frozen sections was performed as we described (38) .
